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Abstract

HHUA endometrial adenocarcinoma cells aggregated into spheroids when cultured on collagen
type 1 gels. 12-O-Tetradecanoylphorbol 13-acetate, a PKC activator, disassembled the spheroids
through epithelial-mesenchymal transition and increased their proliferation rate, while inducing cell
death under monolayer culture conditions. These unusual behaviors of endometrial epithelial cells

with collagen fibers could be a target for the treatment of some endometrial diseases. (60 words)
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The endometrium is the inner lining of the uterus and has functional and basal layers. The
functional layer is composed of epithelial and stromal cells which repeat the cycle of proliferation,
differentiation into secretory glands and decidua, and shedding, in response to the secretion of
estrogens and progesterone from the ovaries. The hyperplasia and malignant transformation of
endometrial epithelial cells lead to endometrial cancer, one of the most common gynecological cancers
(Ryan et al. 2005). The invasion of tumor cells into the myometrium causes initial symptoms such as
metrorrhagia, micturition pain, and abdominal pain. These cells further metastasize to the cervix,
lymph nodes, and other remote tissues in later stages. In addition, endometrial cells frequently invade
the myometrium without malignant transformation. Adenomyosis is a common and benign
gynecological disorder seen in approximately 20% of women of reproductive age (Naftalin et al. 2012).
In the uterus of patients, endometrial cells exist in the myometrium and form ectopic endometrial
glands. A recent study on the 3D morphology of adenomyotic tissue showed that endometrial glands
directly invade the myometrium and form an ant colony-like network (Yamaguchi et al. 2021). Since
the ectopic endometrium also repeats along with the menstrual cycle, patients suffer from annoying
symptoms including menstrual pain and abnormal uterine bleeding.

Since the proliferation of endometrial cells is dependent on estrogens, endocrine therapies including
progestin-estrogen formulations, gonadotropin-releasing hormone (GnRH) agonists/antagonists, and
progestins are used for the treatment of adenomyosis with the intent to inhibit estrogen production
(Vannuccini et al. 2018). These agents reduce symptoms but do not eliminate the lesion, and the
symptoms recur after discontinuation of the medication. Thus, the long treatment period is burdensome
for patients. Moreover, hormone therapies suppress ovulation and menstruation, resulting in impeded
fertility during the dosing period. Therefore, there is no effective therapy for patients seeking
pregnancy. On the other hand, hysterectomy is the main treatment for endometrial cancer. The
prognosis is relatively good because the clear subjective symptoms allow for early detection. However,
endocrine therapies are also applied to early-stage patients seeking pregnancy to preserve their fertility,
though the high recurrence rate remains a problem (Gunderson et al. 2012). Considering these
dissatisfactions with current therapies, it is desired to develop a novel treatment without inhibiting
hormone secretion.

Since the invasion of endometrial cells into the myometrium is a pathological feature of
adenomyosis and endometrial cancer, we considered that the microenvironment of the invasion front

can be a potential treatment target for these diseases. While endometrial epithelial cells are normally



aligned on the basement membrane, tumorigenic cells acquired weakened cell-cell adherence, reduced
polarity, and an enhanced migration ability via epithelial-mesenchymal transition (EMT) (Abal et al.
2007). High expression levels of matrix metalloproteinases (MMPs) and discontinuation of the
basement membrane were also observed on the invasive front of endometrial cancer (Planaguma ef al.
2011). On the other hand, the process of benign invasion of the endometrium in adenomyosis remains
more controversial because both epithelial and stromal cells invade the myometrium and retain normal
glandular structure. However, EMT was also reported to be involved in the progression of
adenomyosis (Chen et al. 2010). Moreover, some research demonstrated that patients with
adenomyosis showed higher levels of MMPs in the uterine cavity (Inagaki ez al. 2003), and the loss
of lamin and collagen type IV, which are main components of the basement membrane, was observed
in adenomyosis lesions (Shiina et al. 2002). These results suggest that adenomyosis has some similar
characteristics to malignant diseases.

Based on the fact that the basement membrane was disrupted in the lesions of endometrial cancer
and adenomyosis, we assumed that the invasive epithelial cells are in contact with collagen type I
(COL-I), a major component of the extracellular matrix of the stroma and myometrium (Wolanska et
al. 1998), and that the COL-I-rich microenvironment may contribute to the progression of these
diseases. Recent studies revealed that fibrosis is significantly increased in adenomyotic lesions (Liu et
al. 2016; Kobayashi ef al. 2020). Periodic inflammation associated with menstruation is estimated to
induce fibroblast to myofibroblast transition (FMT) in adenomyotic stroma and myometrium, resulting
in overproduction of COL-I. It was also reported that COL-I enhanced migration of stromal cells in a
spheroid model of endometriosis (Stejskalova et al. 2021), but the effects of COL-I on endometrial
epithelial cells and its relation to progression of endometrial disorders remain unclear. To validate our
hypothesis that the contact between COL-I and endometrial epithelial cells would promote these
diseases, we in this study explored characteristic features of endometrial epithelial cells in contact with
COL-I. We here report that COL-I would protect endometrial epithelial cells from inflammation-
induced cell death, and rather support their proliferation following EMT. These findings will serve as
novel targets of drug screening for endometrial diseases.

In this study, we cultured HHUA endometrial cells on COL-I, and evaluated whether the contact
with COL-I affects the properties of endometrial epithelial cells. The HHUA cell line was established
from a well-differentiated endometrial adenocarcinoma (Ishiwata et al. 1984). These cells were

reported to maintain estrogen and progesterone receptors despite cancer cells, and thus seemed to be



a good model for studying both benign and malignant endometrial diseases. The HHUA cell line
(RCB0658) was provided by RIKEN BRC through the National Bio-Resource Project of
MEXT/AMED (Ibaraki, Japan), and cultured in Ham’s F-12 medium (Merck, Darmstadt, Germany)
with 10% heat-inactivated FBS (Corning, NY, USA, or BioWest, Maine-et-Loire, France), 1 mM L-
glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin (Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan) in a 5% CO- humidified incubator maintained at 37°C.

Firstly, we seeded HHUA cells (2.5x10* cells/well) in non-coated and COL-I gel-coated 24-well
plates, and after 48 h observed their morphology using phase-contrast microscopy (Figure 1A, B). To
prepare the COL-I gel-coated plate, 0.2% atelocollagen solution (3D-LG, lot No. 362011, KOKEN
Co., Ltd, Tokyo, Japan) was added to each well of a non-coated culture plate (150 pL/cm?) and
incubated at 37°C for 2 h to allow gelation. As shown in Figure 1A, HHUA cells were polygonal in
shape on the non-coated culture plate. On the other hand, culture on the COL-I gel induced spheroid
formation (Figure 1B). The cell aggregation was confirmed by the nucleic acid stain using DAPI
(Figure S1). Compared to the culture condition using a non-coated plate, the cell proliferation rate
increased on a COL-I gel during long-term culture (24-48 h) rather than initial stage of culture (024
h) (Figure S2). Therefore, the spheroid could escape from contact inhibition and growth in a high cell
density condition. Interestingly, HHUA cells cultured on a commercial COL-I-coated plate formed a
monolayer with a polygonal cell shape similar to those on a non-coated plate (Figure S3). The COL-I
coating gives only a thin layer without a 3D fibril network because it is prepared from low-density
COL-I (< 10 pg/cm? bottom surface). On the other hand, our COL-I gel-coated plate was prepared
from 300 pg of COL-I per cm? of bottom surface and forms 3D fibril networks. The minimum
concentration of atelocollagen required to form a gel was about 0.1%, and we used a 0.2% solution to
obtain a more stable gel that would not be stripped during cell seeding and medium exchange.
Therefore, the 3D structure of COL-I fibers would be important for spheroid formation of HHUA cells.

Considering that cell spheroids are normally generated by suspension culture using a non-adhesion
plate, we estimated that a COL-I gel is unsuitable as a scaffold for endometrial epithelial cells,
resulting in self-aggregation. Ohbayashi et al. previously reported that MCF-7 breast adenocarcinoma
cells formed spheroids when they were cultured on a COL-I coated plate, while Caco-2 (colorectal
adenocarcinoma) and NCI-H292 (lung mucoepidermoid carcinoma) cells did not (Ohbayashi et al.
2008). It is interesting that the spheroid formation ability was found only in MCF-7, which is derived

from estrogen- and progesterone-receptor positive adenocarcinoma similar to HHUA. To our



knowledge, there are few reported examples of cell lines that form spheroids just by being seeded on
COL-I. We continue to investigate the mechanism underlying the COL-I gel-induced alteration in the
morphology of HHUA cells.

Next, we examined the effects of some drugs on the properties of HHUA cells cultured on a COL-
I gel. We first treated HHUA cells with 17 f-estradiol that is related to the progression of various
gynecological diseases, but any obvious responses were not observed. The endometrial cells in the
uterus are periodically stimulated by some cytokines since the endometrium is exposed to menstrual
bleeding (Kyama et al. 2006). We estimated that proinflammatory cytokines, or both cytokines and
estrogen, are necessary for progression of endometrial disorders. We next used 12-O-
tetradecanoylphorbol 13-acetate (TPA), an inflammatory agent that activates protein kinase C (PKC)
and causes inflammation by inducing the production of proinflammatory cytokines (Kontny et al.
1999). It was also reported that 17festradiol increased PKC activity in endometrial cancer cells
(Fujimoto et al. 1996). Therefore, we considered that PKC activation by TPA could mimic
inflammatory and hormonal stimuli that ordinarily occur in the endometrium.

On the non-coated plate, cell debris was observed 24 h after TPA (10 nM) treatment, though some
viable cells simultaneously showed a morphological change (Figure 1C). The effects of TPA on the
proliferation of HHUA cells were examined by the WST-8-based cytotoxicity assay. HHUA cells
(5,000 cells/well) were seeded in 96-well plate and allowed to attach for 24 h. Thereafter, they were
treated with TPA (1, 10, 100 nM) for an additional 48 h, and the cell number was estimated with Cell
Counting Kit-8 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). The cytotoxicity assay
also suggested that TPA significantly induced cell death in HHUA cells cultured on non-coated or
commercial COL-I coated plates (Figure 2, S3). TPA showed a biphasic dose-response curve with
maximal cytotoxicity at 10 nM as reported previously in other cell lines (Keck et al. 2012). This effect
could be attributed to the fact that TPA rapidly downregulates PKC at high concentrations (Adams and
Gullick 1989). On the other hand, TPA disassembled the spheroid of HHUA cells on COL-1 gel. The
TPA-treated cells were scattered and showed a fibroblast-like spindle shape (Figure 1D). The cell
process extension was also observed probably due to the reorganization of microtubules as reported
in estrogen receptor-positive MCF-7 cells (Platet et al. 1998). These effects of TPA were canceled
under coexistence with bisindolylmaleimide I (Bis-I, 1 uM), a PKC inhibitor, indicating that the effect
was not due to non-specific toxicity but to PKC signaling (Figure 1F). Moreover, TPA significantly

enhanced the proliferation of HHUA cells on COL-I gels as opposed to the case of the monolayer



culture (Figure 2). The proliferation rate was maximal at lower concentration (1 nM). Because
collagens were suggested to activate PKC via collagen receptors such as integrins and discoidin
domain receptors (DDRs) and DDR2 was upregulated by PKC (Vonk et al. 2011; Yen et al. 2014),
PKC might be more potently activated and downregulated in cells cultured on a COL-I gel.

As mentioned above, EMT is a key process of invasion of endometrial cancer and adenomyosis.
In addition, TPA was reported to induce EMT in some cancer cell lines (He ef al. 2010; Kamiya ef al.
2016). Thus, we examined the effects of TPA on the expression of EMT marker proteins in HHUA
cells cultured on COL-I gel. HHUA cells (7.5x10* cells/well) were seeded in a COL-I gel-coated 48-
well plate. After preincubation for 20 h, they were treated with TPA (10 nM) for another 24 h. They
were lysed by 2X SDS buffer and subjected to SDS-PAGE followed by western blotting. As shown in
Figure 3, TPA reduced the expression of E-cadherin, a key protein maintaining the cell-cell junction
of epithelial cells, by approximately 50%. On the other hand, vimentin, an intermediate filament
protein of stromal cells, was increased by about 50%, though the increment was not statistically
significant (p = 0.09). Consequently, the ratio of vimentin to E-cadherin was significantly increased
by TPA treatment, suggesting that the disassembly of spheroids and fibroblast-like morphology of
TPA-treated cells would be attributed to EMT. It was reported that reactive oxygen species and histone
acetylation were involved in TPA-induced EMT in MCF-7 cells (Kamiya et al. 2016). Moreover, in
PC-3 and A549 cells, GSK-3f inhibition by PKC promoted the stabilization and transcription of Snail,
a transcription factor that decreases E-cadherin and increases vimentin (Liu ef al. 2014). The
PKC/ERK pathway is also suggested to mediate thrombin-induced EMT in A549 cells (Song et al.
2013). Therefore, these signal transduction molecules may serve as new therapeutic targets for
treatment of endometrial diseases.

In this study, we revealed that PKC activation promoted proliferation and EMT in HHUA cells
cultured on a COL-I gel, but induced cell death when they were cultured under monolayer culture
conditions. COL-I is a major component of stromal fibrils and thus ordinarily plays a role as a scaffold
of fibroblasts. On the contrary, endometrial epithelial cells maintain contact with one another and
construct the monolayer on the basement membrane. We predicted that TPA-treated HHUA cells lost
their epithelial morphology and acquired a fibroblast-like character through EMT, and thus they
favorably proliferated on a COL-I gel but not under monolayer culture conditions. These results can
reflect some aspects of the progression of adenomyosis and endometrial cancer. Namely, the

inflammatory stimuli by menstruation should normally induce cell death and shedding of endometrial



epithelial cells, but oppositely increase their proliferation and migration when they contact COL-I
fibers. The unusual behavior of endometrial epithelial cells on COL-I gel can be a new treatment target
for endometrial cancer and adenomyosis, since the contact between endometrial epithelial cells and
COL-I fibers would be a specific event in the invasive front of these lesions.

It seems to be difficult to make in vivo experimental models of endometrial diseases that exhibit
periodic inflammation accompanied by fibrogenesis, because menstruation is found only in humans
and a limited number primates such as apes, old world monkeys, and new world monkeys (Critchley
et al. 2020). Among rodents, only the spiney mouse Acomys cahirinus has been reported to have
menstruation (Bellofiore et al. 2017). Therefore, our in vitro model will help determine the mechanism
underlying the inflammation-induced EMT and the role of COL-I in the progression of endometrial
disorders. We have also initiated drug screening to identify compounds that inhibit TPA-induced EMT
or show specific cytotoxicity to HHUA cells cultured on a COL-I gel. EMT is easily detected by the
obvious morphological change from spheroids to scattered spindle cells, and the WST-8-based
cytotoxicity assay is easily applicable to cells cultured on a COL-I gel-coated plate. These studies will
contribute to developing a new approach to treat endometrial diseases without inhibition of hormone

secretion.
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Figure 1. Effects of a COL-I gel and TPA on the morphology of HHUA cells.

HHUA cells (2.5x10* cells/well) were seeded in non-coated or COL-I gel-coated 24-well plates. After
preincubation for 24 h, TPA solution in DMSO or DMSO alone was added and incubated for another 24 h.
Bisindolylmaleimide I (Bis-I) solution in DMSO was added 30 min before being treated with TPA (final
concentration of DMSO, 0.2%). These cells were observed using a phase-contrast microscope (ECLIPSE
Ts2; NIKON, Tokyo, Japan). Scale bar: 50 pm.
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Figure 2. Effects of TPA on the proliferation of HHUA cells.

HHUA cells (5,000 cells/200 pL-well) were seeded in a 96-well plate. For an assay using a COL-I gel-
coated plate, 50 uL of 0.2% atelocollagen solution was added to each well of a 96-well plate and incubated
at 37°C for 2 h, before HHUA cells (5,000 cells/150 puL-well) were seeded. After preincubation for 24 h, a
1-uL solution of TPA in DMSO or DMSO alone was added. After incubation for 48 h, 20 uL of Cell
Counting Kit-8 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was added to each well, and
the plate was incubated at 37°C for another 4 h. The absorbance was measured at 450 nm using a microplate
reader (Multiskan FC; Thermo Fisher Scientific, Walthman, MA, USA). The cell number in the presence
of each concentration of TPA was plotted as a percentage relative to the vehicle group. Error bars represent
standard deviation (n = 4). * p <0.001 vs vehicle group, * p < 0.01, *p < 0.05, n.s., not significant (Tukey’s
test).
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Figure 3. TPA induced EMT in HHUA cells cultured on a COL-I gel.

(A) A representative result of western blotting and (B) quantification of band intensity from triplicate
samples are shown. HHUA cells (7.5x10* cells/well) were seeded in a COL-I gel-coated 48-well plate. After
preincubation for 20 h, TPA solution in DMSO or DMSO alone was added (final concentration of DMSO,
0.1%), and incubated for another 24 h. Cells were washed with PBS, lysed by adding 100 pL of 2X SDS
sample buffer, and boiled for 10 min. SDS-PAGE was performed according to the method of Laemmli
(Laemmli 1970) in slab gels consisting of a 10% acrylamide separation gel and a 3% stacking gel. Western
blotting was performed as described previously (Sugiyama et al. 2015). Anti-E-cadherin (24E10), anti-
vimentin (D21H3), anti-GAPDH (D16H11), and HRP-conjugated anti-rabbit IgG antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA). These antibodies were diluted 1:1000 and used for
the detection of immunoreactive bands. The intensity of each band was quantified using Amersham Imager
680 analysis software (GE healthcare, Chicago, IL, USA). Error bars represent standard deviation (n = 3).
n.s., not significant, * p <0.05 (Welch’s #-test).
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Figure S1. Aggregation of HHUA cells cultured on a COL-I gel.

HHUA cells were seeded at approximately 50% confluence in a COL-I gel coated glass bottom
dish. After 24 h incubation, the cells were fixed with 4% paraformaldehyde in PBS for 20 min,
then permeabilized with 0.1% triton-X in PBS for 5 min. The cells were washed with PBS, and
incubated with 1mg/mL DAPI solution in PBS for 15 min, and observed using a fluorescence

microscope (BZ-9000; Keyence, Osaka, Japan). Scale bar: 50 um.

Non-coating COL-I gel

500 1 500 -
X 400 ; 400 |
S 300 300 -
€
=}
£ 200 | 200 -
3
© 400 ] 100 1

0 0
oh 24h 48h oh 24h 48h

Figure S2. Proliferation of HHUA cells cultured on non-coated and COL-I gel-coated plates.
HHUA cells (5,000 cells/200 pL-well) were seeded in a 96-well plate and allowed to attach
overnight. For an assay using a COL-I gel-coated plate, 50 uL of 0.2% atelocollagen solution was
added to each well of a 96-well plate and incubated at 37 °C for 2 h, before HHUA cells (5,000
cells/150 pL-well) were seeded. After incubation for O h, 24 h, and 48 h, 20 uL of Cell Counting
Kit-8 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was added to each well, and
the plate was incubated at 37 °C for another 4 h. The absorbance was measured at 450 nm using
a microplate reader (Multiskan FC; Thermo Fisher Scientific, Walthman, MA, USA). The cell
number was plotted as a percentage relative to that at O h. Error bars represent standard deviation
(n=24).
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Figure S3. (A) The morphology of HHUA cells cultured on a commercial COL-I coated dish.
Scale bar: 50 um. (B) Effects of TPA on the proliferation of HHUA cells cultured on a commercial
COL-I coated plate. Error bars represent standard deviation (n =4). * p <0.001 vs. vehicle group
(Dunnett’s test). COL-I coated dish was obtained from Matsunami Glass Ind., Ltd (Kishiwada,
Japan). COL-I coated 96-well plate was obtained from AGC Techno Glass Co., Ltd (Shizuoka,
Japan)
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